
5 .. 

BELXOMM. I N C .  
955 L'ENFANT PLAZA NORTH, S.W. B70 09007 WASHINGTON, D. C. 20024 

SUBJECT: T i m e  S p e c i f i c  Apollo Lunar Surface  DATE: September 1, 1 9 7 0  
A c c e s s i b i l i t y  f o r  Relaxed Free 
Return Missions - Computer Program FROM: S.  F.  C a l d w e l l  
Descr ip t ion  - C a s e  310 

ABSTRACT 

The reg ion  of t h e  l u n a r  s u r f a c e  accessible wi th  a 

s p e c i f i e d  landing  t i m e  and s p a c e c r a f t  con f igu ra t ion  can be 

def ined  i n  approximately twenty minutes of  CPU t i m e  on the  

Univac 1 1 0 8 .  

r e t u r n  t r a n s l u n a r  p r o f i l e s  with a p o s t  p e r i s e l e n e  DPS a b o r t  con- 

s t r a i n t  as w e l l  as f o r  non-free r e t u r n  t r a n s l u n a r  t r a j e c t o r i e s .  

A c c e s s i b i l i t y  can be genera ted  f o r  r e l axed  f r e e  

Program t e c h n i c a l  d e s c r i p t i o n s  inc lud ing  f lowchar t s  

and l i s t i n g s  are p resen ted  i n  s u f f i c i e n t  d e t a i l  t o  a l l o w  t h e  

p o t e n t i a l  u s e r  t o  become familiar w i t h  t h e  under ly ing  theory 

as w e l l  as t h e  program log ic .  
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MEMORANDUM FOR F I L E  

In t roduc t ion  

A new method of genera t ing  l u n a r  s u r f a c e  a c c e s s i b i l i t y  
by e s t a b l i s h i n g  extremals  f o r  a s e t  of mission des ign  parameters  
i nc lud ing  t h e  e f f e c t  of a sun  e l e v a t i o n  c o n s t r a i n t  a t  l u n a r  
landing has been developed. Reference 1 d i scusses  the  method 
used and p r e s e n t s  r e s u l t s  f o r  A p r i l ,  1 9 7 1  wi th  t h e  J - m i s s i o n  
s p a c e c r a f t  con f igu ra t ion  and c o n s t r a i n t s .  The computer programs 
which w e r e  w r i t t e n  t o  implement t h e  method a r e  descr ibed  he re  
wi th  f lowchar t s  and l i s t i n g s .  Characterist ic v e l o c i t i e s  are 
computed us ing  patched conic a n a l y s i s  b u t  c o r r e c t i o n s  f o r  t h e  d i f -  
f e r ence  between i n t e g r a t e d  and patched conic  t ra jector ies  are 
made be fo re  computing the  a c c e s s i b i l i t y  boundary. 

The a c c e s s i b l e  regions a r e  def ined  by scanning a l l  
p o s s i b l e  t r a j e c t o r y  conf igura t ions  w i t h i n  t h e  mission des ign  
c o n s t r a i n t s .  The f e a s i b l e  region de f ined  by t h e  l i m i t i n g  con- 
f i g u r a t i o n s  o r  extremals  of t h e  t r a j e c t o r y  geometry allowed f o r  
any s p e c i f i e d  l u n a r  a r r i v a l  t i m e  i s  scanned by means of t h r e e  
f r e e  v a r i a b l e s :  t h e  s e l e n o c e n t r i c  f l i g h t  pa th  azimuth, a, a t  
MSI entrance,which e s t a b l i s h e s  a family of  l u n a r  approach hyper- 
b o l a s  and i s  bounded by t h e  DPS abort c o n s t r a i n t ;  t h e  ang le ,  $,  
between t h e  approach hyperbola p lane  and t h e  f i n a l  park ing  o r b i t ;  
and t h e  c o a s t  angle ,  T ,  i n  t h e  park ing  o r b i t  from LO1 t o  t h e  
landing  s i t e .  Defining REVLO1 t o  be t h e  minimum number of o r b i t s  
t o  be completed p r i o r  t o  LM landing  T i s  cons t r a ined  t o  be between 
REVLO1 * 360 and (REVLO1 + 1) * 360 .  T h e  fol lowing diagram 
g r a p h i c a l l y  i l l u s t r a t e s  t h e  o r d e r  of  scanning t h a t  i s  used. 

d e s i r e d  t i m e  of landing  ( u s e r  s p e c i f i e d )  r 
launch t i m e s  and e n e r g i e s  f o r  ob ta in ing  t h e  s p e c i f i e d  
t i m e  of landing  (subrout ine  CONTRL) 

i n  2' s t e p s  ( sub rou t ines  ANLSIS and STERN) min to 'max - a  

i n  2" s t e p s  ( sub rou t ine  ANLSIS) @min to @max 
i n  .25O s t e p s  ( sub rou t ines  min to 'max T 

ANLSIS and TAULIM) 
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Figure 1 shows a t y p i c a l  lunar  s u r f a c e  a c c e s s i b i l i t y  contour  f o r  
one t i m e  of landing.  

Launch D a t e  and Translunar  Enerav S e l e c t i o n  

CONTRL has as i t s  i n p u t s  t h e  d e s i r e d  d a t e  and t i m e  of 
l u n a r  landing.  From t h i s  the d e s i r e d  t i m e  of L O 1  i s  c a l c u l a t e d  
based on a -c of (REVLO1 + .5) * 360. An i n t e r n a l  sub rou t ine  
GETERG i s  c a l l e d  t o  o b t a i n  t h e  t r a n s l u n a r  i n j e c t i o n  energy f o r  
a given launch day wi th  t h e  d e s i r e d  t i m e  of L O I .  CONTRL con- 
s i d e r s  a l l  p o s s i b l e  launch da tes  t h a t  w i l l  g ive  a t r a n s l u n a r  
f l i g h t  t i m e  w i t h i n  t h e  mission c o n s t r a i n t s  and ca l l s  sub rou t ine  
ANLSIS f o r  each t o  o b t a i n  t h e  accessible a r e a  of t h e  moon. Before 
r e t u r n i n g ,  CONTRL cal ls  subrout ine  PLOT t o  p l o t  t h e  a c c e s s i b l e  
a r e a  both on t h e  p r i n t o u t  and on t h e  SC4020  p l o t t e r .  

Appendix A contains  a l i s t i n g  of CONTRL. 

a L i m i t s  

Subrout ine ANLSIS f i n d s  t h e  minimum and maximum a based 
on a DPS a b o r t  c o n s t r a i n t  two hours  p a s t  p e r i s e l e n e  ( D V 9 M X ) .  For 
each ct considered t h e  s p a c e c r a f t  i s  t a r g e t e d  t o  t h e  MSI by sub- 
r o u t i n e  STERN* and t h e  DPS abor t  AV (AVg) i s  computed. 
s tepped from 220'  t o  320°** i n  2' s t e p s  u n t i l  a AVg i s  found less 
than  DV9MX o r  AVg s tar ts  inc reas ing  ( i n  t h e  l a t t e r  case CONTFU 
selects another  launch d a t e  and energy as t h i s  one w i l l  n o t  m e e t  
t h e  DPS a b o r t  c o n s t r a i n t ) .  Once t h e  DV9MX boundary has  been 
c rossed ,  a s t r a i g h t  l i n e  f i t  i s  used t o  o b t a i n  t h e  a (amin) which 
has  a AVg w i t h i n  a s p e c i f i e d  t o l e r a n c e  of DV9MX. 

ob ta ined  i n  t h e  same manner by s t epp ing  ct from 320' t o  ct 
increments of  -2'. 

a i s  

amax can be 
i n  min 

4 L i m i t s  

The maximum plane  change ( 4 )  p o s s i b l e  a t  L O 1  must be 
de f ined  f o r  each c1 considered between amax and amin. 

changes can be made e i t h e r  t o  t h e  l e f t  o r  t h e  r i g h t  r e l a t i v e  t o  
t h e  incoming hyperbola.  A s ign  convention has been assumed t o  

P lane  

*See Appendix B fo r  a d i scuss ion  and l i s t i n g  of STERN. 

**For r e t rog rade  lunar  o r b i t s  ct i s  l i m i t e d  t o  180' t o  
360'. Imposing a DPS abort  c o n s t r a i n t  e i g h t  hours  p a s t  p e r i s e l e n e  
reduces t h e  a range. I n  a l l  cases an a range of 220'  t o  320' w a s  
found t o  be s u f f i c i e n t .  
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d i s t i n g u i s h  t h e s e  t w o  d i r e c t i o n s :  a p lane  change t o  t h e  l e f t  i s  
negat ive  and a p l ane  change t o  t h e  r i g h t  i s  p o s i t i v e .  Thus t h e  
l a r g e s t  Q made t o  t h e  l e f t  can be c a l l e d  Qmin and t h e  l a r g e s t  t o  
t h e  r i g h t ,  +max. 

P r o p e l l a n t  requirements a r e  de f ined  by t h e  t h r e e  m i s -  
s i o n  dependent maneuvers; L O I ,  p lane  change p r i o r  t o  rendezvous 
(PCM) ,  and T E I .  The magnitude of  4 d e f i n e s  t h e  LO1 AV as t h e r e  
i s  no f l i g h t  pa th  angle  change a t  LOI .*  S e l e c t i o n  of t h e  p o i n t  
under t h e  r e s u l t i n g  o r b i t  subsequently d e f i n e s  PCM AV and T E I  AV. 
One p o i n t  under each o r b i t  r equ i r e s  no PCM. 

a t  t h a t  p o i n t ,  wi th  L O 1  and T E I  consuming a l l  t h e  a v a i l a b l e  SPS 
p r o p e l l a n t .  
can be accomplished, s i m i l a r l y  landing  under t h e  o r b i t  where  a 
CSM plane change p r i o r  t o  rendezvous i s  unnecessary and LO1 and 
T E I  consume a l l  t h e  a v a i l a b l e  p r o p e l l a n t .  4 ' s  between Qmin and 

genera te  LO1 and T E I  A V ' s  t h a t  do no t  consume a l l  t h e  pro- Qmax 
p e l l a n t ;  t h e  r ema in ing  p r o p e l l a n t  can be used f o r  t h e  PCM. The 
Q extremals are computed by subrout ine  ANLSIS. 

Qmin a l lows landing 

- 
Q~~~ is  t h e  l a r g e s t  r i g h t  o r i e n t e d  p lane  change t h a t  

T L i m i t s  

For each 4 between Omin and $max t h e  T l i m i t s  are com- 
puted by subrout ine  TAULIM.** Using one of t h e  l i m i t s  r e tu rned  
by TAULIM t h e  t r a j e c t o r y  i s  t a r g e t e d  t o  e a r t h  landing*** and t h e  
t o t a l  p r o p e l l a n t  burned (FUEL) based on t h e  c u r r e n t  AV budget i s  
computed by subrout ine  WGTBUD.**** By comparing FUEL t o  t h e  t o t a l  
p r o p e l l a n t  a v a i l a b l e  (FUELMX) a CSM plane change AV i s  computed 
t o  use a l l  t h e  remaining a v a i l a b l e  p r o p e l l a n t .  T l i m i t s  based on 

*A paramet r ic  study has  shown t h a t  o f f  p e r i l u n e  deboost  
i n t o  luna r  o r b i t  does n o t  appreciably increase t h e  a c c e s s i b l e  
reg ion .  I n  some cases ,  however, o f f  p e r i l u n e  LO1 does reduce AV 
costs t o  a s i t e  w i t h i n  t h e  access ib l e  reg ion .  

**Appendix C conta ins  a d i s c u s s i o n ,  l i s t i n g  and f l o w -  
c h a r t  of TAULIM. 

* * * ~ u b r c ~ t i n e  ~~~~B~~ is to generate ;1 file1 nntimal 
-r :--- - t r a n s e a r t h  t r a j e c t o r y  from l u n a r  parking o r b i t  t o  e a r t h  landing .  

The t r a j e c t o r y  i s  f u e l  optimized wi th in  t h e  c o n s t r a i n t s  wi th  
r e s p e c t  t o  longi tude  of earth landing  and t i m e  of f l i g h t .  FLYHOM 
i s  a subrout ine  used by GNDHOM. Reference 2 con ta ins  a d i scuss ion  
of  GNDHOM and FLYHOM. 

****Reference 3 conta ins  a d i s c u s s i o n  of t h e  method used 
i n  WGTBUD. 
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t h i s  CSM p l ane  change AV are then  obta ined .  This  i t e r a t i v e  pro- 
cedure i s  repea ted  ( f o r  b o t h  T~~~ and T 

i s  obta ined  t h a t  uses  a l l  t h e  a v a i l a b l e  p r o p e l l a n t .  For each 
and 'max T between T~~~ 

l anding  i s  p o s s i b l e  i s  c a l c u l a t e d  and compared a g a i n s t  t h e  
per iphery  ma t r ix  by subrout ine  SAVE. 

) u n t i l  a t r a j e c t o r y  max 

t h e  p o i n t  on t h e  l u n a r  s u r f a c e  where 

A c c e s s i b i l i t y  Per iphery 

Subrout ine SAVE c o l l e c t s  t h e  per iphery  ma t r ix  of 
a c c e s s i b i l i t y  between longi tudes  of i-60'. The per iphery  i s  
c o l l e c t e d  f o r  every h a l f  degree of longi tude .  For each longi -  
tude  t h e  minimum and maximum l a t i t u d e  i s  saved. The per iphery  
ma t r ix  i s  i n i t i a l i z e d  once f o r  each desired l u n a r  landing  t i m e .  
Upon e n t e r i n g  SAVE t h e  l a t i t u d e  of t h e  l u n a r  landing  s i te  i s  
compared t o  t h e  minimum and maximum l a t i t u d e  i n  t h e  per iphery  
ma t r ix  corresponding t o  t h e  long i tude  of t h e  l u n a r  landing  s i t e .  
I f  an improvement i s  made t h e  per iphery  ma t r ix  i s  updated. I n  
conjunct ion  wi th  t h e  per iphery ma t r ix  t h e r e  i s  a data mat r ix  s o  
t h a t  each p o i n t  i n  t h e  per iphery ma t r ix  can be i d e n t i f i e d .  The 
data  ma t r ix  stores t h e  d a t e  and t i m e  of  launch: t h e  date and 
t i m e  of 
whether 
energy;  
T or  min 

GNDHOM, 

M S I  en t r ance ;  t h e  da t e  and t i m e  of l u n a r  landing;  a ;  
t h e  a w a s  a minimum or maximum; t h e  t r a n s l u n a r  i n j e c t i o n  
whether o r  n o t  t he  p o i n t  w a s  genera ted  by 
T and whether t h e  whole o r b i t  w a s  accessible. 

'ma, 1 

max ' 

Subrout ine ANLSIS con ta ins  f o u r  i n t e r n a l  sub rou t ines :  
FLYHOM, SAVE and WGTBUD. Appendix D con ta ins  a f lowchar t  

of  ANLSIS and a l i s t i n g  of ANLSIS and i t s  i n t e r n a l  sub rou t ines .  

P l o t s  (Subrout ine PLOT) 

The i n p u t  t o  PLOT i s  t h e  per iphery  ma t r ix  t h a t  w a s  
c o l l e c t e d  f o r  one l u n a r  a r r i v a l  t i m e .  The e n t i r e  pe r iphe ry  
ma t r ix  i s  p l o t t e d  on the on l i n e  p r i n t e r  and a smoothed pe r iphe ry  
ma t r ix  i s  p l o t t e d  on t h e  SC4020 p l o t t e r .  Figure 1 shows a s a m -  
p l e  SC4020 p l o t .  The p l o t t i n g  package used was AUPLOT, a desc r ip -  
t i o n  of which can be found i n  Reference 4 .  

Appendix E c o n t a i n s  a l i s t i n g  of PLOT. 

R e m a r k s  

On t h e  Univac 1 1 0 8  t h e  gene ra t ion  of t h e  l u n a r  s u r f a c e  
accessible for  one landing  t i m e  t akes  approximately 20  minutes of 
CPU t i m e  o r  about  170  charge u n i t s .  A t  t h e  p r e s e n t  t i m e  t h e  pro- 
gram w i l l  compute r e l axed  free r e t u r n  t r a n s l u n a r  t ra jector ies  
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wi th  a DPS a b o r t  c o n s t r a i n t .  T h e  DPS a b o r t  c o n s t r a i n t  could be 
removed by performing minor modi f ica t ions  t o  t h e  program ANLSIS. 
Monitoring of t h e  RCS a b o r t  c a p a b i l i t y  i s  n o t  c u r r e n t l y  inc luded .  

For each a r r i v a l  t i m e  t h e  e n t i r e  per iphery  ma t r ix  and 
d a t a  mat r ix  are punched on cards .  These cards can be used t o  
determine t h e  a c c e s s i b l e  a reas  f o r  va r ious  l i g h t i n g  c o n s t r a i n t s  
o r  t h e  accessible a r e a  by launch date.  Reference 5 con ta ins  t h e  
a c c e s s i b l e  reg ion  of t h e  lunar  s u r f a c e  f o r  a l i g h t i n g  c o n s t r a i n t  
of 5 O  t o  1 4 O  and 2 0 °  t o  30° and t h e  a c c e s s i b l e  reg ions  by launch 
d a t e  f o r  bo th  November and December, 1 9 7 1 .  

2013-SFC-slr 

Attachments 

S.  F. C a l d w e l l  
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APPENDIX A 

CONTRL 

C a l l i n g  Sequence: CALL CONTRL (DATEAR, TIMEAR) 

Purpose: CONTRL determines a l l  p o s s i b l e  launch t i m e s  and 
t r a n s l u n a r  i n j e c t i o n  ene rg ie s  for a s p e c i f i e d  t i m e  of  l u n a r  
landing.  

Input :  

DATEAR - Desired da te  of l u n a r  landing  
TIMEAR - Desired t i m e  of l u n a r  landing  
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APPENDIX B 

STERN 

C a l l i n g  Sequence: CALL STERN 

Purpose: STERN i s  used by subrout ine  ANLSIS t o  t a r g e t  t h e  space- 
c r a f t  from launch t o  t h e  moon's sphere  of i n f l u e n c e  (MSI ) .  The 
t r a j e c t o r y  i s  cons t ra ined  t o  y i e l d  a p e r i s e l e n e  r a d i u s  of 6 0  n.mi.* 

InDut: 

PHIMSP - L a t i t u d e  of previous M S I  en t r ance  p o i n t  
XLMMSP - Longitude of previous M S I  en t r ance  p o i n t  
ALPHA - Selenocentric f l i g h t  p a t h  azimuth a t  M S I  

en t r ance  

output :  

PHIMSP - Lat i tude  of MSI en t r ance  p o i n t  
XLMMSP - L o n g i t u d e  of M S I  e n t r a n c e  p o i n t  
RM8PX(3) - Pos i t ion  a t  M S I  en t r ance  
VMSPX(3) - Veloci ty  a t  M S I  en t r ance  

Method: 

STERN c a l l s  subrout ine  H I T M S I  t o  t a r g e t  t h e  s p a c e c r a f t  
f r o m  launch t o  a p o i n t  on t h e  moon's sphere  of i n f luence .  Using 
t h e  previous l a t i t u d e  (TI) and longi tude  ( 5 )  of M S I  en t r ance  H I T M S I  

i s  called t o  o b t a i n  t h e  v e l o c i t y  v e c t o r  (VMSI) a t  t h e  M S I .  

t hen  computes t h e  l a t i t u d e  (no) and long i tude  (co) of t h e  nega t ive  

p i e r c e  p o i n t .  S ince  t h e  t r a n s l u n a r  i n j e c t i o n  energy i s  
de f ined  and t h e  p e r i s e l e n e  r ad ius  i s  f i x e d  t h e  desired M S I  p i e r c e  
p o i n t  l ies on t h e  d o t t e d  circle i n  F igure  2.  

STERN 

- 
'MSI 

T h e  f l i g h t  pa th  angle,  6,  can be computed us ing  b a s i c  
equat ions  f o r  o r b i t a l  mechanics. T h e  fo l lowing  d e f i n i t i o n s  w e r e  
used f o r  t h e  semi la tus  rectum ( p ) ,  t h e  o r b i t  e c c e n t r i c i t y  ( e ) ,  
t h e  semimajor a x i s  (a) , and the  angular  momentum ( h ) .  

*A paramet r ic  study has  shown t h a t  p e r i l u n e  depress ion  
t o  40 n .mi .  does n o t  i nc rease  the accessible reg ion .  
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- r (l+e) h2 
p = T - -  P 

-1 a = (z - V2 --I 
h = r V  sinB 

r i s  t h e  r a d i u s  of t h e  moon, V i s  t h e  v e l o c i t y  magnitude a t  M S I  
en t r ance ,  and r i s  the  des i r ed  p e r i s e l e n e  r a d i u s .  S u b s t i t u t i n g  
i n  Equation (Bl) f o r  h ,  e and a g ives  

P 

2 2  r V  
1.I 

Dividing both  sides of t h e  equat ion  by - , 

- ,zllecti~.;  terms end t ak ing  t h e  square  root g ives  an equa t ion  
f o r  s i n @ .  
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T h e  d e s i r e d  p i e r c e  p o i n t  ( n ,  r ; )  f o r  a given cl can t h e n  
be c a l c u l a t e d  us ing  t h e  law of s i n e s  and cos ines .  

71 71 71 
cos ( 2 - n )  = cos (--n ) cos6 + s i n  (--11 ) s i n 6  cosci 2 0  2 0  

o r  

and 

sin(r;-r;,) sincl - - 
71 sinB 
2 s i n  (--n) 

o r  

r; = 5, + s i n  

I f  t h i s  
ones t h a t  w e r e  imputed t o  HITMSI t h e  whole process  i s  repea ted .  

and r; are n o t  w i th in  s o m e  s p e c i f i e d  t o l e r a n c e  of t h e  



r 
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APPENDIX C 

TAULIM 

C a l l i n g  Sequence: CALL TAULIM (RM21PX, VM21PX, HMLOPX, DLV55P, 
TAUL, IORBIT)  

Purpose: For a given CSM plane change TAULIM computes t h e  minimum 
and maximum coast ang le ,  T ,  i n  t h e  parking o r b i t  from L O 1  t o  t h e  
landing  s i te .  

Input :  

RM21PX(3) - 
VM21PX(3) - 
HMLOPX(3) - 
DLV55P - 
REVLO1 - 
HRSTAY - 
RTOD - 
PERLOP - 

P o s i t i o n  v e c t o r  a f te r  LO1 
Veloci ty  v e c t o r  a f te r  LO1 
Angular momentum vector 
CSM plane change 
Minimum number of o r b i t s  t o  be completed 
p r i o r  t o  landing  
Lunar s u r f a c e  s t a y  t i m e  
Conversion f a c t o r  - r ad ians  t o  degrees  
Per iod of l una r  o r b i t  

ou tput :  

( 2 )  TAUL(2)  - Minimum (TAUL ) and maximum (TAUL 

IORBIT - Flag  denot ing whether  whole o r b i t  i s  
accessible, 1 y e s ,  0 no 

(1) 

Method : * 
I n  F igure  3 Em21 and vm21 are t h e  p o s i t i o n  and v e l o c i t y  - 

a f t e r  L O I ,  Z i s  t h e  se lenographic  po le  i n  se lenographic  coordi-  
n a t e s ,  R i s  the  p o s i t i o n  of t h e  CSM above t h e  landing  s i t e  a f t e r  
L M  descen t ,  R' i s  t h e  p o s i t i o n  of t h e  CSM a f te r  t h e  l u n a r  s t a y  

t i m e ,  Hmlop i s  Em21 x 'm21 
p l i e d  by the  r o t a t i o n  r a t e  of the  moon. 

- 
- 

- 
and O m  i s  t h e  l u n a r  s t a y  t i m e  mul t i -  

*Equations w e r e  obtained f r o m  hand no te s  of R. J. S t e r n .  
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Given a CSM p lane  change I ~ V ( A V ~ ~ )  TAULIM can compute 
t h e  maximum o u t  of p lane  angle  ( 6max) a f t e r  t h e  l u n a r  s t a y  t i m e .  

L J 

From Figure 3 an equat ion  f o r  'i i n  t e r m s  of T can be der ived .  

- 
R can a l s o  be w r i t t e n  a s  the sum of t w o  v e c t o r s  and 5 where 

i s  p a r a l l e l  t o  2 and 5 i s  pe rpend icu la r  t o  2. 

Then us ing  Figure 3 
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or s u b s t i t u t i n g  f o r  and E 

From t h e  fo l lowing  ske tch  

it can be  seen  t h a t  

S u b s t i t u t i n g  equa t ion  (C1) and (C2)  i n t o  equa t ion  (C3) gives 



- 
= o  v m 2 1  sin-r 13 s i n e  m - s i n 6  max 

+ E m l o p  COS?  + 
I'm211 I'm21l 

Using t h e  scalar t r i p l e  product  and d e f i n i n g  a, B ,  and y 

y = 
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g ives  an express ion  i n  t e r m s  of T 

a COST + B sinT - y = 0 

Using t h e  i d e n t i t y  

2 1 / 2  sin-r = f ( l - c o s  T )  

i n  Equation (C4) and squaring g ives  an equat ion  f o r  COST by use 
of t h e  q u a d r a t i c  equat ion.  

2 2 2 1 / 2  
a y  f B ( a  + B  - y )  

COST = e m 
L 

a + B L  

There  are t h r e e  cases t o  be considered:  

1. There i s  no CSM plane change p r i o r  t o  rendezvous. I n  
t h i s  case AV55, 6 and hence ywould be zero and Equa- 

t i o n  (C4) reduces t o  

a tan-r = - - B 

2 .  There i s  a CSM plane change p r i o r  t o  rendezvous and 
a 2  + B~ - 
When t h e  whole o r b i t  i s  a c c e s s i b l e  t h e  l a r g e s t  AV55 
would occur f o r  y 
Equation (C6) gives 

< 0 ( t h e  whole o r b i t  i s  a c c e s s i b l e ) .  

2 = a 2  + B 2 .  S u b s t i t u t i n g  t h i s  i n t o  

a 
1 / 2  COST = 
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S u b s t i t u t i n g  i n  Equation i C 4 j  f o r  COST an equa t ion  i s  
de r ived  f o r  s i n . r .  

B 
2 2 1 / 2  s i n T  = 

( a  + B  1 

Therefore ,  

B tan-r = - a 

3 .  There i s  a CSM plane change p r i o r  t o  rendezvous and 
a 2  + B 2  - y 2  > 0.  Using Equations (C6) and (C5)  t h e r e  
are fou r  p o s s i b l e  T I S ,  t w o  of which a r e  extraneous due 
t o  Equation (C5). The t w o  T'S t h a t  s a t i s f y  Equation ((24) 
are t h e  d e s i r e d  T I S  ( T ~ ~  and T~~ w i t h  T~~ < T ) . a2 

For a l l  t h r e e  cases t h e  T I S  f o r  +6max have been found. 
From Equation (C4) it c a n  be seen  t h a t  t h e  T I S  corresponding t o  

For - 6  are 180' away from t h e  T I S  corresponding t o  + 6  

case #1 where t h e r e  i s  no CSM p lane  change t h e r e  a r e  only t w o  
p o s s i b l e  T I S .  For t h i s  case t h e  T corresponding t o  +6max i s  
r e tu rned .  For case # 2  where t h e  whole o r b i t  i s  a c c e s s i b l e  T~~~ 

and T are se t  t o  t h e  worst p o s s i b l e  cases .  F o r  case # 3  where 
only  p o r t i o n s  of t h e  o r b i t  a r e  a c c e s s i b l e  t h e  T l i m i t s  a r e  more 
d i f f i c u l t  t o  determine. 

max ' max 

max 

The T I S  corresponding t o  -6max are 

T~~ = T + 180' a1 

T =  + 180' h l  T a 2  
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The p o s s i b l e  T r eg ions  are shown by t h e  shaded a r e a s  i n  F igure  4. 
The CSM p lane  change and TEI AV'S a r e  t h e  same f o r  T I S  between T~~ 

and T~~ as f o r  T I s  between T and a2 so only one of 'b2 t h e s e  
reg ions  needs t o  be considered. TAULIM r e t u r n s  t h a t  reg ion  which 
is  e n t i r e l y  w i t h i n  the  one o r b i t .  I f  both reg ions  are wi th in  t h e  
one o r b i t  t h e  ear l ies t  one i s  r e tu rned .  The T r eg ion  r e tu rned  i s  
the shaded area t h a t  is  no t  c ros s  hatched i n  Figure 4. 
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c 
b 

c 
c 

c 
c 

c 
\. 

P 
L 0  

r 
\. 

00090041 
o o l o o n ~ 1  
o o i 1 n n 4 i  
00120041 
0 0  1300 4 1 
0014of l41  
00150041 
00150041 
00170091  
00190041 
00130041 
0 0 2 0 0 0 ~ 1  
0021n041  
00220041 
00230041  
00240041  
00250041  
00250041  
03270@41 
00290041  
00290041  
00300041  
00310041  
0 0 3 2 f l 0 4 1  
0 0 3 3 0 0 4 1  
0 0 3 4 0 0 4 1  
0 0 3 5 0 0 4 1  
0 0 3 5 n 0 4 1  
00370041  
0 0 3 9 0 0 4 1  
0 0 3 3 0 0 4 1  
0 0 4 0 0 0 4 1  
00410041  
0 0 4 2 0 0 4 1  
0 0 4 3 0 0 4 1  
0 0 4 4 n 0 4 1  
0 0 4 5 0 0 4 1  
0 0 4 5 0 0 4 1  
00470041  
0 0 4 9 0 0 4 1  
00490041  
0 0 5 0 0 0 4 1  
0 0 5 i n o a i  
0 0 5 2 0 0 4 1  
0 0 5 3 0 0 4 1  
0 0 5 4 0 0 4 1  
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C1J 

329 

2 4 0  

250  

27;) 
2 9 3  

2 3 0  

3 0 d  

c 
c 

P 
b 

5 0 3  

0 0 5 5 0 0 4 i  

0 0 5 7 0 0 4 1  
00550@41 

00590091 
0053)r)O 4 1 
00600041 
0061nr391 
Or3620041 
00630091 
00640041 
0365G041 

00670041 
0 0 5 9 0 0 4 1  
03530041 
OiI7000fi1 
OCl710C141 
007201341 
00730041 
007'40041 
00750C41 
Oil7500Rl 
OD770041 
07790041  
00730041  
00900041  
00910041  
00920041  
00930041  
00940041  
00350041  
00950041  
00970041  
00990041  
009313091 
00900041  
00910041  
00920041  
00930041  
00940091  
00950041  
00950041  
0 09700 4 1  
00930041  
0093c1091 

o o 5 5 n n 4 i  

o i o o n o 4 i  



START 0 
COMPUTE GI 
t 

I I IORBIT=O 

COMPUTE - 
FOR N = 1 T O 4  

FOR 1 = 1 T 0 4  

THAT El 5 E, 

r a t = ?  0 
FIND h SUCH 
THAT Ek 5 E, 

FOR i = l T 0 4  

‘a2 ‘ 0 

ra2 = ra2 + 360 I 

i 

IORBIT = 1 

rl  = rl + 180 

I - r t r  1 -  1 R 1  

r2=  r l  + 180 

RETURN 

RETURN 

&# I I rbl =REMAINDER(’%-) I 

I 1 

FIGURE C-1: TAULIM FLOWCHART 



APPENDIX D 

ANLSIS 

C a l l i n g  Sequence: CALL ANLSIS 

Purpose: Given a d a t e  and t i m e  of launch and t h e  t r a n s l u n a r  
i n j e c t i o n  energy ANLSIS f i n d s  t h e  boundary of t h e  a c c e s s i b l e  
r e g i o n  of t h e  moon. 

I n p u t :  

DATEF - Ear l ies t  p o s s i b l e  date  of launch 
TIMEF - E a r l i e s t  p o s s i b l e  t i m e  of launch 
ERG7P - Trans lunar  i n j e c t i o n  energy 

o u t p u t :  

SLON(241) - Longitude i n  .5' from -60' t o  60' 
S L A T ( 2 4 1 , 2 )  - SLAT (1,l) i s  t h e  minimum l a t i t u d e  and 

SLAT ( I , 2 )  i s  t h e  maximum l a t i t u d e  cor-  
responding t o  a long i tude  of  S L O N ( 1 )  

mat r ix  

f l a g  of 

ITVAL(6,241)- Data ma t r ix  a s s o c i a t e d  wi th  t h e  boundary 

ITVAL (J, I )  - con ta ins  d a t e  and t i m e  of launch and a 

0 i f  c1 # amin and a # amax 
l i f a = a  
2 i f a = a  

min 
max 

I T V A L ( J + l , I ) -  con ta ins  d a t e  and t i m e  o f  M S I  e n t r a n c e  

I T V A L ( J + 2 , 1 ) -  con ta ins  d a t e  and t i m e  of l and ing ,  t h e  
and t h e  va lue  of a 

t r a n s l u n a r  i n j e c t i o n  energy and a f l a g  of 

1 i f  $ = $min 

2 if 4 = omax 

whole o r b i t  
i s  n o t  
a c c e s s i b l e  

3 i f T = T  

4 i f ~ = . r  
min 
max 

5 i f  T # .rmin and T # Tmax 
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I 6 i f  T = T~~~ 

whole o r b i t  
i s  accessible 

7 i f ‘ 1 = ~  

8 i f  ‘I # T~~~ and 7 

max 
7 
‘rnax J . I  

J = 1 d e f i n e s  t h e  da t a  ma t r ix  f o r  t h e  minimum l a t i t u d e ,  
J = 4 d e f i n e s  t h e  da t a  ma t r ix  f o r  t h e  maximum l a t i t u d e  
and I denotes  t h e  corresponding p o s i t i o n  on t h e  longi -  
tude matr ix .  
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00090051 
00090051  
001000s1 
00110051  
00120051 
00130051 
00140n51  
0 0 1 SO051 
001b0051  
0 0  17O051 
00190051 
00190051 
00200051 
00210051 
00220051 
00230051 
00240051 
00250051 
0 0 2 600 5 1  
00270051  
00290051  
0 0290 0 5 1  
00300051 
00310051  
00320051  
00330051  
00340051  
00350051  
00360051  
00370051  
00380051  
00390051  
004,00051 
00410051  
00420051  
00430051  
Oij44ijOSi 
001C500Sl 
004600Sl 
00470051  
00480051  
00490051  
00500051  
00510051  
00520051  
00530051  
00540051  
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00550051 
00550051 
00570051  
00580051 
00590051  
00600051  
00610051  
00620051  
00630051  
00640051  
00650051  
00660051  
00670051  
00680051  

00700051  
00710051  
00720051  
00730051  
00740051  
00750051  
00760051  
00770051 
00730051  
00730051  
OOBOOOSl  
00810051  
00620051  
00830051  
00840051 
00650051  
00850051  
00970051 
0 0890 0 5 1  
00890051 
00900051  
00910051  
00920051 
00930051 
00940051 
00950051  

00970051 
00930051 
00990051  
01000051 

01020051 
0 1030051  
01040051 
01050051 
01060051 
01070051 
01080051  
01090051  
01100051  
01110051  

0 0 6 9 n o s i  

0 0 9 5 n o s i  

- . A .  A m - .  u l u l u u ~ l  
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7 

r 
b 

2130 

e 

6 

C 
2303 

C 
2 % 0 0  

2410 

2423 

r 
c 

r 
b 

25UlJ 

01240051  
0 1250051  

* * * ' ) 0 1 2 6 0 0 5 1  
01270051  
01290051  
01290051  
01300051  
01310051  
01320051  
01330051  
01340051  
01350051  
0 13500 5 1  
01370051  
01390051  
01390051  
01400051  
01410051  
01420051  
01430051  
01440051  
01450051  
01460051  
01470051  
01460051  
01490051  
01500051  
01510051  
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02250051 
02270051 
02290051  
02290051 
02300051 
02310051  
02320051 
02330051  
02340051 
02350051 
0 2350 0 5 1  
02370051  
02390051  
02390051  
02400051  
02410051 
02420051  
02430051  
02440051 
02450051  
02450051  
02470051 
024ROOS1 
0 2490 0 5 1  
02500051 
02510051 
02520051 
02530 0 5 1  
02540051  
02550051  
02560051  
02570051  
02590051  
02590051  
02600051  
02610051  
02620051  
0 26300 5 1  
02640051 
02650051  
02660051 
02670053 
02680051  
02690051 
02700051  
02710051  

02730051 
02740051  
02750051  
02760051  
02770051 
02790051 
02790051  
02800051 
02810051  
02820051 

nqv-nnr .  
U L  I c.UV>L 
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FLYIN 

03970051 
03990051 
03990051 
04000051 

04020051 
0 QO 30051 
04040051 
04050051 
04060051 

04090051 

o4oionsi 

ouo7onsi 

o4ogonsi 
04ionosi 
0011oos1 
04120051 
04130051 
04140051 
0 41 500 51 
04160051 
04170051 
04190051 
04190051 
04200051 
04210051 
04220051 
04230051 
04240051 
04250051 
OQ2600S1 
04270051 
04290051 
04290os1 
04300051 
043100Sl 
0 43200 51 
04330051 
OU340051 
04350051 
04360051 

043800S1 
04390051 
044000S1 
04410051 
0042oos1 
u4450051 
04440051 
04450051 
04460051 
04470051 
0 44800 51 
ou(c90051 
04500051 
04510051 
04520051 
Ob530051 

043700~1 
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~ 0 0 1 )  CALL r l D q I  04540051 
i L T 3 0 5 = E ~ T 3 0 P  04550051 
5ELV30=EL\30P 04550051  
s T r l Y = T + 5 T A Y  04570051 

04590051  
c c. 04599c151 
C C4,:JL4TE L I Y I T S  31 A L F 2 9 P  2JE 13 Y A X I Y J Y  I V C L I N A T I 3 Y  04600051  
c 04610051  

t S L T % B = s 9 ~ T ( ~ E 2 6 ? % ( 1 ) * * 2 t R E 2 S P ~ ( 2 ) * * 2 ) / 9 E 2 3 P  04620051  

, L T ~ U ? = ~ T O ) * ~ T ~ V ( S V L T ~ ~ / : ~ L T ~ ~ )  04640051  
rf~'50=C3S(3r3H*1I~Ax~/cSLT28 04650051  
I i ( T E Y P S O . L T . 1 ~ )  53 T3 4 0 0 1  04660051  
d R l T S ( 5 ~ 9 0 0 5 )  04670051  

3Od5 F ~ R Y U T ( ~ ~ ~ , ~ X , ~ ~ I ~ I Y A X  C4AY U3T QE S 4 T I S F I E ) )  04690051  
GAL; C - i q K I T  04690051  

+ 0 0 1  A L F Y V ~ ~ ~ O ~ * ( T Y ~ ~ ~ L - I ~ ) ~ ~ T D ~ * A T A ~ ( T E Y P S ~ / ~ ~ ~ T ( ~ ~ ~ T ~ Y P ~ O * * ~ ~ )  04700051  
A L F Y Y l = T Y ? S E U * l B U a - A L F Y U l  04719051  

C 04720051  
C C ~ L C U L A T E  L I Y I T S  3 V  4 ~ F 2 8 ?  3 J E  T O  L 4 T I T J 3 ;  CDASTQAIUT 04730051  
c 04740051  

A L F l = O a  0 475OOS1 

047700S1 ?lio=ELTYAX 
I =1 04790051  

4101) C S A L 2 8 ~ ( S I V ( P ~ 3 * ~ T 3 ~ ) - S I V ( E L T 2 ~ ~ * ~ ~ D ~ ~ * C O S ~ ~ F 3 O P * ~ T O R ~ ~ / ~ C ~ S ~ E ~ T 2 6 O 4 7 9 O O 5 l  
1 ? * 3 T 3 R ) * S I V ( 3 F 3 0 ? * 3 T D ~ ) )  04600051  

A F ( A 3 S ( C 5 A L 2 S ) . S T . l a )  53 TO 4101 04610051  
~ V A L L 8 = S ~ R T ( l a o : 5 4 L 2 8 * * 2 )  OU620051 
ALF2Y=3r33*ATAY2(5UAL28,:S4L26) 04830051  
r F ( 4 L F 2 B a ~ T . 9 0 a )  A L F ~ = A L F ~ ~  04940051  
IF(4~F2Ya8To900) 4 ~ F 2 = 4 L F 2 8  04850051  

4101 1=1+1 04660051  
I F ( I a S T . 2 )  53 TO 4 1 0 2  o lss7ons i  
Pd3:ELTYI V (  1) 04690051  
G3 T 3  4100 04690051  

9102 BiFYV2=4LF l  04900051  
A L F Y X ~ Z ~ L F ~  04910051  

c 04920051  
C C ~ L C J L ~ T E  L I Y I T S  3 V  4 L F 2 R P  04930051  

04940051  
~ L ~ Y Y V = A Y A X ~ ( A L F J V ~ , A L F Y ~ ~ ) + ~ O ~  04950051  
~ L 2 B d X ~ 4 Y I V 1 ~ A L F Y X 1 , ~ L ~ ~ ~ 2 ~ - . o i  04950051  
IF(A,28YVoLE.AL2~YX)G3 T3 4199 04970051  
d 3 1 T L ( b , 7 0 0 1 )  04960051  

04990051  
" A I  I r - ~ \ i r t s  ---- w i ~ n a i  

05010051  
OS020051 c C A L C U L ~ T E  O P T I Y J Y  A L F ~ B ?  

C 05030051  
4199 :4LL C ~ ~ ~ ~ ( J R X P U T X ~ L J N X , O )  0501r0051 
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APPENDIX E 

PLOT - 

C a l l i n g  Sequence: CALL PLOT 

Purpose: 
matr ix ,  t o  smooth t h e  pheriphery matrix and then  p l o t  t h e  
smoothed ve r s ion  on t h e  SC4020 p l o t t e r ,  and t o  compute t h e  
mean a r r i v a l  t i m e  us ing  t h e  d a t a  mat r ix .  

T o  produce a p r i n t e r  p l o t  of t h e  e n t i r e  pheriphery 

Input :  * 
SLON ( 2 4 1 )  - Longitude of l and ing  
SLAT(241,2) - Minimum and maximum l a t i t u d e  of l and ing  
I T V A L ( 6 , 2 4 1 )  - Data matr ix  corresponding t o  boundary 

matrix 

*For f u r t n e r  d e t a i i  see ou tpu t s  of sub rou t ine  g+LSiS 
i n  Appendix D. 



E-2 

c 
c 

P 
c 

r 
c 

2 

3 3  
i 

b 

s 

4 
P 
c 

1 0  

r " 

12 



. 
" 

E-3 



. 
I 

E-4 

c 
c. 

e 
c 
c 

1 
P CI 

r 
c 

,- 
c 

P 
\r 

L 
c 
c 

c 
c 

01120041 
011300A1 
Ollf40041 
01150041 
0115004 1 
01170041 
0119~041 
01130041 
01200041 
01210041 
01220041 
01230041 
01240041 

01250041 
01270041 
01290041 
01230041 
01300041 
01310041 
01320041 
01330041 

012snn4i 

013~0041 
01350041 
01350041 
01370041 
01390041 
01330041 

01410041 
01420041 
014300r\l 
01 4U0041 
01450041 
0 14500 4 1 
01470041 
01430041 
0 14300 4 1 
01500041 
01510041 
01520041 
01530041 

oi40004i 



. 



L 
c 



c: 
c 

> a 
H 

Q 

t; 

s 
c a 
a a 
3 

K 
0 

z 

(;j 

a 
3 
E 

W 

u. 



4‘ 
C 

ra2 - ra1<180 < 

/ 

\ 

7b2 

\ 

‘b2 

FIGURE 4: POSSIBLE r LIMITS 



B E L L C O M M .  INC. 

Sub jec t :  T ime  S p e c i f i c  Apollo Lunar From: S .  F. Caldwell  
Sur face  A c c e s s i b i l i t y  f o r  
Relaxed Free R e t u r n  Miss ions -  
Computer Program Descr ip t ion  
Case 310 

D i s t r i b u t i o n  L i s t  

Bellcomm. Inc.  

D. R. Anselmo 
A. P.  Boysen, Jr. 
J. 0. C a p p e l l a r i ,  Jr. 
D. R. Hagner 
W. G.  Heffron 
N .  W. Hinners  
J. L. Marshal l ,  Jr. 
K.  E .  Marters teck 
J. Z .  Menard 
P .  E.  Reynolds 
J. W. Timko 
R. L. Wagner 
A l l  Members Department 2013 
Cent ra l  F i l e  
Department 1 0 2 4  F i l e  
L ib ra ry  

A b s t r a c t  Only t o  

Bellcomm, Inc .  

J. P .  Downs  
I. M. R o s s  
M. P .  Wilson 


